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Several studies have demonstrated the important role of non-coding RNAs as regulators of
posttranscriptional processes, including stem cells self-renewal and neural differentiation.
Human embryonic stem cells (hESCs) and induced pluripotent stem cells (ihPSCs) show
enormous potential in regenerativemedicine due to their capacity to differentiate to virtually
any type of cells of human body. Deciphering the role of non-coding RNAs in pluripotency,
self-renewal and neural differentiation will reveal new molecular mechanisms involved in
induction and maintenances of pluripotent state as well as triggering these cells toward
clinically relevant cells for transplantation. In this brief review we will summarize recently
published studies which reveal the role of non-coding RNAs in pluripotency and neural
differentiation of hESCs and ihPSC.
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INTRODUCTION
Personalized medicine is expected to beneﬁt from the combina-
tion of genomic information with the high throughput studies
including transcriptomic, proteomic and metabolomic proﬁl-
ing. Measuring gene expression in individual cells is crucial for
understanding the gene regulatory network. In order to deci-
pher the genetic regulatory network in cells signiﬁcant efforts
have been made over the years to develop technology plat-
forms for transcriptome characterization such as DNA microarray
hybridization, serial analysis of gene expression (SAGE;Velculescu
et al., 1995) or next-generation RNA sequencing often called
RNA-seq (Mortazavi et al., 2008).
The latest techniques which involve bioinformatic expertise
made a revolution in transcriptome analysis enabling not only
the identiﬁcation of cDNA and gene isoforms but discovery of
long non-coding RNA (large intergenic non-coding RNA, lin-
cRNA; >200 nucleotides in length) and short non-coding RNA
(sncRNA,<200 nucleotides in length). Non-coding RNAs include
transfer RNA (tRNA), ribosomal RNA (rRNA), small nuclear and
small nucleolar RNA, microRNA (miRNA), and small interfer-
ing RNA (siRNA), which do not encode any proteins. Several
of these non-coding RNA species, like miRNA or SiRNAs, are
of particular interest to transcriptomic and particularly in stem
cell research due to their role in post-transcriptional regulation
of numerous biological processes (Morozova and Marra, 2008;
Roukos, 2010). During the last several years many studies were
published in order to determine the function of these non-
coding transcripts including novel miRNA (Hafner et al., 2008)
that exhibit different cell-type and tissue speciﬁcity (Guttman
and Rinn, 2012). Although the functions of the majority of
newly discovered non-coding RNAs are still unknown, some
were found to play important roles in the regulation of stem
cells. Recent studies concentrate on miRNAs (Wilson et al., 2009;
Kim et al., 2011; Lipchina et al., 2011). In the context of stem
cell biology, of particular interest is the role of these RNAs
in expression of renewal genes in human embryonic stem cells
(hESCs) or in regulation of induced pluripotency (Li et al.,
2011). In this review, we focus on recent discoveries of non-
coding RNA roles in human pluripotent stem cell biology and
differentiation.
HUMAN EMBRYONIC STEM CELLS AND INDUCED
PLURIPOTENT STEM CELLS
Human pluripotent stem cells encompassing hESCs and induced
pluripotent stem cells (ihPSCs) show great potential for regen-
erative biology providing the unique human in vitro plat-
forms for studying diseases, basic cell biology and develop
ment.
Human embryonic stem cells can be derived from inner mass
from human blastocyst maintaining unique capacity for unlim-
ited self-renewal through long-termmaintenance using laboratory
culture conditions (Thomson et al., 1998). Since the generation of
the ﬁrst hESCs line in 1998 (Thomson et al., 1998), research in this
area has progressed at a rapid pace, developing efﬁcient proto-
cols globally for differentiation of these cells to clinically relevant
cell types (Erceg et al., 2008, 2009, 2010, 2012). hESCs represent
a useful model for studying early human embryology and cell
differentiation and have limited capacity for disease modeling in
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human cells (Biancotti et al., 2010). hESCs bear the advantage
over any other stem cells in that they are pluripotent, provid-
ing an unlimited starting cell source for differentiation to any
type of tissue of the human body. The perspective of clinical
use of these cells and their derivates is huge. The hESCs-based
therapy is increasingly recognized as a promising strategy for
degenerative disorders entering already in clinic to treat spinal cord
injury or recently published encouraging results in human clinical
trial investigating their use in age-related macular degeneration
(Schwartz et al., 2012). The main disadvantage of use of hESCs in
regenerative medicine is the fact that derivation of hESCs requires
the destruction of human embryos which generates the ethical
concerns.
Besides the abundance and efﬁcient differentiation without
traces of pluripotency, the main requisite for personalized regen-
erative medicine is to derive disease cells that genetically match
the patient. Although the technique of somatic cell nuclear trans-
fer (SCNT) and successive derivation of hESCs (Tachibana et al.,
2013) could be a promising approach in the future to create patient
speciﬁc cells,major technical and ethical obstacles relatedwith this
technique are present.
The discovery of human ihPSCs originally generated by ectopic
expression of four transcription factorsOct4, Sox2, Klf4, and cMyc
(Takahashi et al., 2007) in human ﬁbroblast cells presents a novel
tool toobtaindisease cells. ThisNobel Prizewinner technologywas
substantially improved by introducing non-integrative transgene
expression (Jin et al., 2012) and targeting different somatic tis-
sues. Patient-speciﬁc ihPSCs derived from somatic cells are devoid
of immnunological and ethical concerns, allow the generation of
disease-speciﬁc stem cells providing a platform to study molecular
mechanisms of genetic diseases. The ihPSCs show morphological,
transcriptional, epigenetic, and phenotypic similarity to hESCs
and can differentiate toward any cell of human body. Until now a
number of studies has shown that ihPSCs can be successively gen-
erated from patients carrying different diseases and be a faithful
platform for disease modeling in vitro (Gunaseeli et al., 2010; Har-
gus et al., 2010; Jin et al., 2011, 2012; Pedrosa et al., 2011; Kumano
et al., 2012; Oh et al., 2012; Sun et al., 2012; Cocks et al., 2013;
Gross et al., 2013; Tubsuwan et al., 2013).
Pluripotent stem cells possess two major characteristics: self-
renewal and differentiation into other cell types. The investi-
gators put the major effort in development of new protocols
and moving these cells to clinics but it is crucial to under-
stand these two main characteristics in order to enter deeply
in basic biology of these cells. For example it is still to be
elucidated reprogramming mechanisms in target cells and why
only small population of cells becomes fully reprogrammed. In
order to decipher molecular mechanisms of reprogramming the
role of RNA and related global gene expression changes is of
particular interest in order to increase reproducibility and efﬁ-
ciency of reprogramming processes. Reproducible generation of
speciﬁc cellular type without traces of ihPSCs is one of the
crucial issues in order to prevent teratoma generation in host.
Improvements of the differentiation protocols are required as a
basis for further cost-efﬁcient industrial processes of large-scale
for future application in clinics. To reach this also extensive
characterization of differentiated cell has to be performed and
subsequently compared with undifferentiated counterparts. Com-
parative transcriptome analyses using microarray also indicate
that hESCs and hiPSCs have similar, highly alike gene expres-
sion patterns. Gene expression pattern of ihPSCs is separate
from the originating somatic cells with possibility of retain-
ing some transcriptional differences or an epigenetic memory
of the starting cells (Plath and Lowry, 2011). Transcriptome
characterization would undoubtedly provide insights into the
genetic regulatory networks involved in maintaining pluripotency
and directing differentiation. In order to deﬁne molecularly the
various phases of the reprogramming process, as well as full
pluripotent stem cells state global gene expression and proteomic
patterns of clonal cell populations or enriched populations need
to be performed in different stages after inicial reprogramming
induction.
PLURIPOTENCY
Generally, a deﬁnition of pluripotency is related to ability of cell to
give rise three germ layers: endoderm, ectoderm, and mesoderm
and their derivates. This ability has only a small number of cells
such as hESCs and ihPSCs and their maintenance involves core
transcription factors: Oct4, Sox2, and Nanog (Boyer et al., 2005;
Kim et al., 2009). A spectrum of different miRNA was detected
in embryonic stem cell as pluripotency-speciﬁc markers which
expression was downregulated during the induction of differen-
tiation (Table 1; Wilson et al., 2009; Lee et al., 2010). A family
of miRNA that includes AAGUGC seed sequence is of particular
interest in pluripotent stem cells for its high expression in hESCs
and ihPSC. Themost abundantmiRNA transcript in hESCs ismir-
302 which encodes for miR-302a/b/c/d and mir-367 (Suh et al.,
2004) and is under the control of Oct4, Sox2, and Nanog. This
miRNA is involved in maintenance of pluripotency, self-renewal,
regulationof cell cycle, and fate speciﬁcationduringdifferentiation
of hESCs (Suh et al., 2004; Landgraf et al., 2007; Bar et al., 2008;
Lipchina et al., 2011) probably inhibiting neural differentiation
by modulation of BMP signaling targeting its inhibitors: TOB2,
DAZAP2, and SLAIN1 (Lipchina et al., 2011). Rosa and Brivan-
lou (2011) have shown that Oct4 and miR-302 inhibit NR2F2,
which in turn inhibits Oct4. The expression of gene NR2F2 is
increased during differentiation when the expression of OCT4
gene and miR-302 declines (Rosa and Brivanlou, 2011). This study
showed important biological function of mir-302 and NR2F2 in
human early development and cell fate determination. It seems
that other miRNAs such as miR-145 has the opposite role in main-
tenance of pluripotency (Xu et al., 2009). The expression of this
miRNA is low in undifferentiated hESCs but its increased expres-
sion is related to inhibition of hESCs self-renewal and induction
of lineage-restricted differentiation (Xu et al., 2009).
Elucidation of the precise molecular and cellular mechanisms
which convert human ﬁbroblasts or other somatic cells to ihP-
SCs was the main challenge among the investigators during the
last years. Reprogramming somatic cells into pluripotent cellu-
lar identity requires tightly regulated and coordinated changes
in expression of many genes. Understanding the genetic net-
work involved in cellular reprogramming is crucial to elucidate
pluripotency in order to increase the reprogramming efﬁciency
and cell renewal. These mechanisms will reveal why only small
Frontiers in Genetics | Systems Biology May 2014 | Volume 5 | Article 132 | 2
Lukovic et al. Non-coding RNA in pluripotency and differentiation
Table 1 | Different roles of non-coding RNA in pluripotency and neural differentiation.
Type of cells Processes involved Non-coding RNA Reference
hESC Pluripotency, self-renewal, cell cycle
and fate speciﬁcation
miR-302 Suh et al. (2004), Bar et al.
(2008), Lipchina et al. (2011)
hESC Inhibition of pluripotency miR-145 Xu et al. (2009)
iPSC Pluripotency miR-17, miR-106b, and miR-106a Li et al. (2011)
Fibroblasts to iPSC Reprogramming miR-302, miR-372 Anokye-Danso et al. (2011, 2012),
Subramanyam et al. (2011)
Fibroblasts to iPSC Reprogramming Combination of miR-302, miR-200c,
and miR-369
Miyoshi et al. (2011)
iPSC Reprogramming LincRNAs Loewer et al. (2010)
hESC Neural differentiation LincRNAs Ng et al. (2012)
iPS-derived neural progenitors Neural differentiation LincRNAs Lin et al. (2011)
hESC Differentiation to neuroectoderm miR-200, miR-96 Du et al. (2013)
hESC-derived neural stem cells Suppression of selfrenewal, neural
differentiation
miR-124, miR-125b and miR-9/9 Roese-Koerner et al. (2013)
hESC Neural differentiation miR7 Liu et al. (2012)
hESC Neural differentiation miR125 Boissart et al. (2012)
hESC, human embryonic stem cells; iPSC, induced pluripotent stem cells.
population of somatic cells undergo full reprogramming. Dif-
ferent gene expression patterns and post-transcriptional events,
including mRNA decay, between pluripotent and differentiated
cells could reveal the reprogramming mechanisms of the ﬁbrob-
lasts into ihPSCs. The study of Buganim et al. (2012) showed that
reprogramming involves stochastic gene expression in early phase
followed by a late hierarchical phase with activation of SOX2 gene,
which then triggers a stepwise gene activation that allows the
cells to enter the pluripotent state. SOX2 represents a group of
pluripotency initiating factors (PIFs) indispensable for endoge-
nous activation of OCT4, SOX2, and NANOG (Boyer et al., 2005)
which further maintain the ihPSCs state. Some of these genes
maintain pluripotency by blocking the gene machinery involved
in differentiation.
In the study of Li et al. (2011) was observed that three miRNA
clusters: miR-17, miR-106b, and miR-106a were signiﬁcantly
upregulated that interfere with iRNA machinery directly con-
nectedwith important reprogramming pathways: TGF-β signaling
and cell cycle. These results suggest that transcription factors that
modulate miRNA decay could have crucial role in reprogramming
differentiated cells or inmaintainingpluripotency, but future stud-
ies have to be performed to conﬁrm whether these factors can be
efﬁcient target to induce or maintain the pluripotency or trigger
the differentiation.
Several miRNA, especially miR-302 and miR-372 have been
directly involved in enhancing of HFF reprogramming (Sub-
ramanyam et al., 2011) revealing the possibility to directly tar-
get these miRNAs to reprogram the HFF without Yamanaka
factors. The recent study of Morrisey and colleague (Anokye-
Danso et al., 2011, 2012), conﬁrmed that reprogramming can
be achieved by using miRNAs without protein-coding fac-
tors. Another study conﬁrmed that fully pluripotent stem
cells can be obtained by introducing other miRNA such as
combination of miR-302, miR-200c, and miR-369 (Miyoshi
et al., 2011). Different studies speculated about the mechanisms
and signaling pathways by which these miRNAs exert their
reprogramming function such as regulation of different genes
involved in cell cycle, epithelial-mesenchymal transition, epi-
genetic regulation and vesicular transport (Subramanyam et al.,
2011).
On the other hand, the abundance of lincRNAs in mammalian
transcriptome reveals their role as key regulators of biological pro-
cesses. These RNA transcripts have little or no protein coding
potential but some studies point out their possible participation
in pluripotency, differentiation and self-renewal (Guttman et al.,
2009,2011; SheikMohamed et al., 2010; Guttman andRinn,2012).
Several studies have recently discovered a novel class of lincRNAs
possible involved in reprogramming processes, pluripotency and
lineage commitment (Boyer et al., 2006; Lee et al., 2006; Loewer
et al., 2010).
Some of these lincRNAs act directly as regulators of reprogram-
ming (RoR) called lincRNA-RoR (Loewer et al., 2010). Overex-
pression of these RNAs signiﬁcantly enhances the reprogramming
efﬁciency and their downregulation decreases the generation of
ihPSC colonies possibly by mechanism of negative regulation of
p53 (Zhang et al., 2013).
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These studies indicate that non-coding RNAs, especially miR-
NAs have the potential to be used as small-molecule therapeutics
to promote more efﬁcient reprogramming or to induce the
pluripotent stem cells toward other cell lineages.
DIFFERENTIATION
In the context of regenerative medicine it is crucial to develop
protocols for efﬁcient and reproducible differentiation of pluripo-
tent stem cells toward homogeneous population of desired cells
without traces of pluripotency. Since the generation of the ﬁrst
hESCs line (Thomson et al., 1998) and derivation of ihPSC (Taka-
hashi et al., 2007), research in this area has progressed at a rapid
pace, developing efﬁcient protocols globally for differentiation
of these cells to clinically relevant cell types. As already men-
tioned, hESCs and ihPSCs bear the advantage over any other
stem cells in that they are pluripotent, providing an unlim-
ited starting cell source for differentiation to any type of tissue
of the human body. Understanding the regulatory mechanisms
which orchestrate the hESCs and ihPSCs during differentiation
is of enormous importance because coordinated changes in gene
expression during the differentiation of hESC and ihPSC are cru-
cial for lineage speciﬁcation. Beside the gene expression changes
in coding RNA it is a clear to investigate whether non-coding
RNA play important role in early differentiation of pluripotent
stem cells. Although recent studies have shown that ihPSCs lines
exert better differentiation capacity when compared with hESCs
(Hu et al., 2010) direct comparison of differentiated cells versus
undifferentiated counterparts is crucial in order to ﬁnd signaling
mechanisms involved indifferentiation. In the recent studyGifford
et al. (2013) performed comprehensive transcriptional proﬁl-
ing of cell populations generated by directed differentiation of
hESCs.
To reveal whether lincRNAs play important role in hESCs
and neural differentiation Stanton and colleague (Ng et al., 2012),
employed a highly efﬁcient protocol for neural differentiation of
hESCs based on stromal-derived induction activity (SDIA) using
co-culture of hESCswith PA6mouse stromal cells. This procedure,
used by many groups, was designed to generate homogeneous
population of neural progenitor cells and further dopaminergic
neurons (Kawasaki et al., 2000, 2002; Zeng et al., 2004). About 36
lincRNAs were identiﬁed which were associated with pluripotency
making the complex with SOX2, and SUZ12, well known genes
involved in pluripotency. Association of newly discovered lincR-
NAs with MIR-125B and LET7A reveal important role of these
lincRNA in neurogenesis and neural differentiation. These results
demonstrate that lincRNAs represents indispensable components
in regulation of biological processes such as neural differentiation
and pluripotency.
In order to clarify the contribution of lincRNA in developmen-
tal and neurological disorders, Lin et al. (2011) were performed
Genome-wide analysis using next-generation sequencing (RNA-
Seq) of neural progenitors derived from ihPSCs. They found
that early differentiated cells underwent dramatic quantitative
changes in gene expression especially lincRNAs. The authors
associated many lincRNAs with HOX gene (HOXA and HOXB),
genes involved in early patterning of anterior posterior axis dur-
ing the neural development. These results coincided with results
obtained with neural progenitors derived from hESCs as an addi-
tional prove that these two sources of pluripotent stem cells has
similar neuronal differentiation potential (Wu et al., 2010). The
author’s general aim in this article is to associate the obtained
results with some neuropsychiatric disorders in order to establish
faithful lincRNA markers. The RNA-Seq ﬁndings highlighted
possible non-coding RNA variants as feasible candidates which
mutations are involved in many neuropsychiatric disorders mostly
schizophrenia, bipolar disorders and autism spectrum disorders.
These transcription factors and chromatin modiﬁers candidate
are: POU3F2, MYTIL, RFX4, ZNF804A, SMARCA2, and NPAS3.
These changes in the transcriptome proﬁles and the role of
lincRNA during early human neural differentiation using pluripo-
tent stem cells reveals important use of ihPSC technology in
studying humandisease as a unique human assay of humanneuro-
genesis. Integration the novel transcripts inmore global systems of
analysis is must in order to elucidate their abnormally regulation
in a subgroup of patients.
Comparing the miRNA proﬁles of neuroectodermal cells to
epidermal cells both derived from hESC, Zhang and colleague
(Du et al., 2013) identiﬁed the downreglation of two miRNA fam-
ilies in neuroectodermal differentiated cells, miR-200 and miR-96.
Investigating the function of these miRNA it was discovered that
miR-200 regulates the level of zinc-ﬁnger E-box-binding home-
obox (ZEB), transcription factor family involved in inhibition of
expression of BMP and its downstream genes, thus promoting
neural differentiation (Postigo et al., 2003), while miR-96 regulates
PAX6 (paired box 6), well known transcription factor character-
istic for neuroectoderm. The authors also ﬁnd that upregulation
of these miRNA suppresses differentiation of hESCs toward neu-
ral lineage (Du et al., 2013). Recent article examined the role of
the neural-associated miR-124, miR-125b, and miR-9/9 in human
neural stem cells derived from human pluripotent stem cells
(Roese-Koerner et al., 2013) and showed that overexpression of
these miRNA suppress self-renewal and induce further differenti-
ation into neurons. Providing additional evidence of involvement
of other miRNA such as miR7 (Liu et al., 2012) and miR125 (Bois-
sart et al., 2012) in neural differentiation of hESCs, these studies
showed that neural stem cells derived from pluripotent stem cells
could be a faithful model for investigation of role of miRNA in
modulating of stemness and neuronal differentiation capacity of
these cells.
CONCLUSION
Studying of non-coding RNA in modeling exhaustive networks
of gene interactions as an ultimate application of systems biol-
ogy in systems biomedicine, could substantially contribute to
understanding and modulation of developmental and differen-
tiation processes in humans. Although the expression of newly
correlated non-coding RNA is strongly associated to pluripo-
tency and neural differentiation their possible role in differ-
ent neurodegenerative disorders is still to be elucidated. These
studies undoubtedly contribute to better understanding of the
biological processes during pluripotency and neural differen-
tiation and reveal the important interplay between multiple
pluripotency transcription factors and non-coding RNAs espe-
cially miRNAs. However, the understanding of the impact of
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miRNA-based regulation in human neural development is still
at its dawn. The future studies will conﬁrm the potential of con-
trolling differentiation and pluripotency of human pluripotent
stem cells by modulating the expression of selected non-coding
RNAs and integrate them into models that reveal the global
behavior of the biological process in biomedicine and neu-
ral diseases in order to ultimately improve patients’ quality of
life.
ACKNOWLEDGMENTS
This work was supported by funds for research from “Miguel
Servet” contract of Instituto de Salud Carlos III of Spanish
Ministry of Science and Innovation (Slaven Erceg), Fund for
Health of SpainPI10-01683 (VictoriaMoreno-Manzano), Junta de
Andalucía PI-0113-2010 (Slaven Erceg) and Supported by Euro-
pean Regional Development Fund – Project FNUSA-ICRC (No.
CZ.1.05/1.1.00/02.0123).
REFERENCES
Anokye-Danso, F., Snitow, M., and Morrisey, E. E. (2012). How microRNAs
facilitate reprogramming to pluripotency. J. Cell Sci. 125, 4179–4187. doi:
10.1242/jcs.095968
Anokye-Danso, F., Trivedi, C. M., Juhr, D., Gupta, M., Cui, Z., Tian, Y., et al. (2011).
Highly efﬁcient miRNA-mediated reprogramming of mouse and human somatic
cells to pluripotency. Cell Stem Cell 8, 376–388. doi: 10.1016/j.stem.2011.03.001
Bar, M., Wyman, S. K., Fritz, B. R., Qi, J., Garg, K. S., Parkin, R. K., et al.
(2008). MicroRNA discovery and proﬁling in human embryonic stem cells
by deep sequencing of small RNA libraries. Stem Cells 26, 2496–2505. doi:
10.1634/stemcells.2008-0356
Biancotti, J. C., Narwani, K., Buehler, N., Mandefro, B., Golan-Lev, T., Yanuka, O.,
et al. (2010). Human embryonic stem cells as models for aneuploid chromosomal
syndromes. Stem Cells 28, 1530–1540. doi: 10.1002/stem.483
Boissart, C., Nissan, X., Giraud-Triboult, K., Peschanski, M., and Benchoua, A.
(2012). miR-125 potentiates early neural speciﬁcation of human embryonic stem
cells. Development 139, 1247–1257. doi: 10.1242/dev.073627
Boyer, L. A., Lee, T. I., Cole, M. F., Johnstone, S. E., Levine, S. S., Zucker, J. P., et al.
(2005). Core transcriptional regulatory circuitry in human embryonic stem cells.
Cell 122, 947–956. doi: 10.1016/j.cell.2005.08.020
Boyer, L. A., Plath, K., Zeitlinger, J., Brambrink, T., Medeiros, L. A., Lee, T. I.,
et al. (2006). Polycomb complexes repress developmental regulators in murine
embryonic stem cells. Nature 441, 349–353. doi: 10.1038/nature04733
Buganim, Y., Faddah, D. A., Cheng, A. W., Itskovich, E., Markoulaki, S., Ganz,
K., et al. (2012). Single-cell expression analyses during cellular reprogramming
reveal an early stochastic and a late hierarchic phase. Cell 150, 1209–1222. doi:
10.1016/j.cell.2012.08.023
Cocks, G., Curran, S., Gami, P., Uwanogho, D., Jeffries, A. R., Kathuria, A., et al.
(2013). The utility of patient speciﬁc induced pluripotent stem cells for the mod-
elling of autistic spectrum disorders. Psychopharmacology (Berl.) 231, 1079–1088.
doi: 10.1007/s00213-013-3196-4
Du, Z. W., Ma, L. X., Phillips, C., and Zhang, S. C. (2013). miR-200 and miR-96
families repress neural induction fromhuman embryonic stem cells. Development
140, 2611–2618. doi: 10.1242/dev.092809
Erceg, S., Lainez, S., Ronaghi, M., Stojkovic, P., Perez-Arago, M. A., Moreno-
Manzano, V., et al. (2008). Differentiation of human embryonic stem cells to
regional speciﬁc neural precursors in chemically deﬁned medium conditions.
PLoS ONE 3:e2122. doi: 10.1371/journal.pone.0002122
Erceg, S., Lukovic, D., Moreno-Manzano, V., Stojkovic, M., and Bhat-
tacharya, S. S. (2012). Derivation of cerebellar neurons from human pluripo-
tent stem cells. Curr. Protoc. Stem Cell Biol. Chap. 1, Unit 1H.5. doi:
10.1002/9780470151808.sc01h05s20
Erceg, S., Ronaghi, M., Oria, M., Rosello, M. G., Arago, M. A., Lopez, M. G., et al.
(2010). Transplanted oligodendrocytes and motoneuron progenitors generated
from human embryonic stem cells promote locomotor recovery after spinal cord
transection. Stem Cells 28, 1541–1549. doi: 10.1002/stem.489
Erceg, S., Ronaghi, M., and Stojkovic, M. (2009). Human embryonic stem cell
differentiation toward regional speciﬁc neural precursors. Stem Cells 27, 78–87.
doi: 10.1634/stemcells.2008-0543
Gifford, C. A., Ziller, M. J., Gu, H., Trapnell, C., Donaghey, J., Tsankov, A., et al.
(2013). Transcriptional and epigenetic dynamics during speciﬁcation of human
embryonic stem cells. Cell 153, 1149–1163. doi: 10.1016/j.cell.2013.04.037
Gross, B., Sgodda, M., Rasche, M., Schambach, A., Gohring, G., Schlegelberger, B.,
et al. (2013). Improved generation of patient-speciﬁc induced pluripotent stem
cells using a chemically-deﬁned and matrigel-based approach. Curr. Mol. Med.
13, 765–776. doi: 10.2174/1566524011313050008
Gunaseeli, I., Doss, M. X., Antzelevitch, C., Hescheler, J., and Sachinidis, A.
(2010). Induced pluripotent stem cells as a model for accelerated patient-
and disease-speciﬁc drug discovery. Curr. Med. Chem. 17, 759–766. doi:
10.2174/092986710790514480
Guttman, M., Amit, I., Garber, M., French, C., Lin, M. F., Feldser, D., et al. (2009).
Chromatin signature reveals over a thousand highly conserved large non-coding
RNAs in mammals. Nature 458, 223–227. doi: 10.1038/nature07672
Guttman,M.,Donaghey, J., Carey, B.W.,Garber,M.,Grenier, J. K.,Munson,G., et al.
(2011). lincRNAs act in the circuitry controlling pluripotency and differentiation.
Nature 477, 295–300. doi: 10.1038/nature10398
Guttman, M., and Rinn, J. L. (2012). Modular regulatory principles of large non-
coding RNAs. Nature 482, 339–346. doi: 10.1038/nature10887
Hafner, M., Landgraf, P., Ludwig, J., Rice, A., Ojo, T., Lin, C., et al. (2008). Iden-
tiﬁcation of microRNAs and other small regulatory RNAs using cDNA library
sequencing. Methods 44, 3–12. doi: 10.1016/j.ymeth.2007.09.009
Hargus, G., Cooper, O., Deleidi, M., Levy, A., Lee, K., Marlow, E., et al. (2010).
Differentiated Parkinson patient-derived induced pluripotent stem cells grow in
the adult rodent brain and reduce motor asymmetry in Parkinsonian rats. Proc.
Natl. Acad. Sci. U.S.A. 107, 15921–15926. doi: 10.1073/pnas.1010209107
Hu, B. Y., Weick, J. P., Yu, J., Ma, L. X., Zhang, X. Q., Thomson, J. A., et al.
(2010). Neural differentiation of human induced pluripotent stem cells follows
developmental principles but with variable potency. Proc. Natl. Acad. Sci. U.S.A.
107, 4335–4340. doi: 10.1073/pnas.0910012107
Jin, Z. B., Okamoto, S., Osakada, F., Homma, K., Assawachananont, J., Hirami,
Y., et al. (2011). Modeling retinal degeneration using patient-speciﬁc induced
pluripotent stem cells. PLoS ONE 6:e17084. doi: 10.1371/journal.pone.0017084
Jin, Z. B.,Okamoto, S., Xiang, P., andTakahashi,M. (2012). Integration-free induced
pluripotent stem cells derived from retinitis pigmentosa patient for disease
modeling. Stem Cells Transl. Med. 1, 503–509. doi: 10.5966/sctm.2012-0005
Kawasaki, H., Mizuseki, K., Nishikawa, S., Kaneko, S., Kuwana, Y., Nakanishi, S.,
et al. (2000). Induction of midbrain dopaminergic neurons from ES cells by
stromal cell-derived inducing activity. Neuron 28, 31–40. doi: 10.1016/S0896-
6273(00)00083-0
Kawasaki, H., Suemori, H., Mizuseki, K., Watanabe, K., Urano, F., Ichinose, H.,
et al. (2002). Generation of dopaminergic neurons and pigmented epithelia from
primate ES cells by stromal cell-derived inducing activity. Proc. Natl. Acad. Sci.
U.S.A. 99, 1580–1585. doi: 10.1073/pnas.032662199
Kim, H., Lee, G., Ganat, Y., Papapetrou, E. P., Lipchina, I., Socci, N. D., et al. (2011).
miR-371-3 expression predicts neural differentiation propensity in human
pluripotent stem cells. Cell Stem Cell 8, 695–706. doi: 10.1016/j.stem.2011.04.002
Kim, J. B., Sebastiano, V., Wu, G., Arauzo-Bravo, M. J., Sasse, P., Gentile, L., et al.
(2009). Oct4-induced pluripotency in adult neural stem cells. Cell 136, 411–419.
doi: 10.1016/j.cell.2009.01.023
Kumano, K., Arai, S., Hosoi, M., Taoka, K., Takayama, N., Otsu, M., et al. (2012).
Generation of induced pluripotent stem cells from primary chronic myelogenous
leukemia patient samples. Blood 119, 6234–6242. doi: 10.1182/blood-2011-07-
367441
Landgraf, P., Rusu, M., Sheridan, R., Sewer, A., Iovino, N., Aravin, A., et al.
(2007). A mammalian microRNA expression atlas based on small RNA library
sequencing. Cell 129, 1401–1414. doi: 10.1016/j.cell.2007.04.040
Lee, T. H., Song, S. H., Kim, K. L., Yi, J. Y., Shin, G. H., Kim, J. Y. et al. (2010).
Functional recapitulation of smooth muscle cells via induced pluripotent stem
cells from human aortic smooth muscle cells. Circ. Res. 106, 120–128. doi:
10.1161/CIRCRESAHA.109.207902
Lee, T. I., Jenner, R. G., Boyer, L. A., Guenther, M. G., Levine, S. S., Kumar,
R. M., et al. (2006). Control of developmental regulators by Polycomb in
human embryonic stem cells. Cell 125, 301–313. doi: 10.1016/j.cell.2006.
02.043
www.frontiersin.org May 2014 | Volume 5 | Article 132 | 5
Lukovic et al. Non-coding RNA in pluripotency and differentiation
Li, Z., Yang, C. S., Nakashima, K., and Rana, T. M. (2011). Small RNA-mediated
regulation of iPS cell generation. EMBO J. 30, 823–834. doi: 10.1038/emboj.
2011.2
Lin, M., Pedrosa, E., Shah, A., Hrabovsky, A., Maqbool, S., Zheng, D., et al. (2011).
RNA-Seq of human neurons derived from iPS cells reveals candidate long non-
codingRNAs involved in neurogenesis and neuropsychiatric disorders. PLoSONE
6:e23356. doi: 10.1371/journal.pone.0023356
Lipchina, I., Elkabetz, Y., Hafner, M., Sheridan, R., Mihailovic, A., Tuschl, T.,
et al. (2011). Genome-wide identiﬁcation of microRNA targets in human ES
cells reveals a role for miR-302 in modulating BMP response. Genes Dev. 25,
2173–2186. doi: 10.1101/gad.17221311
Liu, J., Githinji, J., Mclaughlin, B.,Wilczek, K., and Nolta, J. (2012). Role of miRNAs
in neuronal differentiation from human embryonic stem cell-derived neural stem
cells. Stem Cell Rev. 8, 1129–1137. doi: 10.1007/s12015-012-9411-6
Loewer, S., Cabili, M. N., Guttman, M., Loh, Y. H., Thomas, K., Park, I. H.,
et al. (2010). Large intergenic non-coding RNA-RoR modulates reprogram-
ming of human induced pluripotent stem cells. Nat. Genet. 42, 1113–1117. doi:
10.1038/ng.710
Miyoshi, N., Ishii, H., Nagano, H., Haraguchi, N., Dewi, D. L., Kano, Y., et al.
(2011). Reprogramming of mouse and human cells to pluripotency using mature
microRNAs. Cell Stem Cell 8, 633–638. doi: 10.1016/j.stem.2011.05.001
Morozova, O., and Marra, M. A. (2008). Applications of next-generation
sequencing technologies in functional genomics. Genomics 92, 255–264. doi:
10.1016/j.ygeno.2008.07.001
Mortazavi, A., Williams, B. A., Mccue, K., Schaeffer, L., and Wold, B. (2008).
Mapping and quantifying mammalian transcriptomes by RNA-Seq. Nat. Methods
5, 621–628. doi: 10.1038/nmeth.1226
Ng, S. Y., Johnson, R., and Stanton, L. W. (2012). Human long non-coding
RNAs promote pluripotency and neuronal differentiation by association with
chromatin modiﬁers and transcription factors. EMBO J. 31, 522–533. doi:
10.1038/emboj.2011.459
Oh, Y., Wei, H., Ma, D., Sun, X., and Liew, R. (2012). Clinical applications of
patient-speciﬁc induced pluripotent stem cells in cardiovascular medicine. Heart
98, 443–449. doi: 10.1136/heartjnl-2011-301317
Pedrosa, E., Sandler, V., Shah, A., Carroll, R., Chang, C., Rockowitz, S., et al. (2011).
Development of patient-speciﬁc neurons in schizophrenia using induced pluripo-
tent stem cells. J. Neurogenet. 25, 88–103. doi: 10.3109/01677063.2011.597908
Plath, K., and Lowry, W. E. (2011). Progress in understanding reprogramming to
the induced pluripotent state. Nat. Rev. Genet. 12, 253–265. doi: 10.1038/nrg2955
Postigo, A. A., Depp, J. L., Taylor, J. J., and Kroll, K. L. (2003). Regulation of Smad
signaling through a differential recruitment of coactivators and corepressors by
ZEB proteins. EMBO J. 22, 2453–2462. doi: 10.1093/emboj/cdg226
Roese-Koerner, B., Stappert, L., Koch, P., Brustle, O., and Borghese, L. (2013).
Pluripotent stem cell-derived somatic stem cells as tool to study the role of
microRNAs in early human neural development. Curr. Mol. Med. 13, 707–722.
doi: 10.2174/1566524011313050003
Rosa, A., and Brivanlou, A. H. (2011). A regulatory circuitry comprised of miR-302
and the transcription factors OCT4 and NR2F2 regulates human embryonic stem
cell differentiation. EMBO J. 30, 237–248. doi: 10.1038/emboj.2010.319
Roukos, D. H. (2010). Next-generation sequencing and epigenome technolo-
gies: potential medical applications. Expert Rev. Med. Devices 7, 723–726. doi:
10.1586/erd.10.68
Schwartz, S. D., Hubschman, J. P., Heilwell, G., Franco-Cardenas, V., Pan, C. K.,
Ostrick, R. M., et al. (2012). Embryonic stem cell trials for macular degenera-
tion: a preliminary report. Lancet 379, 713–720. doi: 10.1016/S0140-6736(12)
60028-2
Sheik Mohamed, J., Gaughwin, P. M., Lim, B., Robson, P., and Lipovich, L. (2010).
Conserved long noncoding RNAs transcriptionally regulated by Oct4 and Nanog
modulate pluripotency in mouse embryonic stem cells. RNA 16, 324–337. doi:
10.1261/rna.1441510
Subramanyam,D., Lamouille, S., Judson, R. L., Liu, J.Y., Bucay,N.,Derynck, R., et al.
(2011). Multiple targets of miR-302 and miR-372 promote reprogramming of
humanﬁbroblasts to induced pluripotent stem cells. Nat. Biotechnol. 29, 443–448.
doi: 10.1038/nbt.1862
Suh, M. R., Lee, Y., Kim, J. Y., Kim, S. K., Moon, S. H., Lee, J. Y., et al. (2004). Human
embryonic stem cells express a unique set of microRNAs. Dev. Biol. 270, 488–498.
doi: 10.1016/j.ydbio.2004.02.019
Sun, N., Yazawa, M., Liu, J., Han, L., Sanchez-Freire, V., Abilez, O. J., et al. (2012).
Patient-speciﬁc induced pluripotent stem cells as a model for familial dilated car-
diomyopathy. Sci. Transl. Med. 4, 130ra147. doi: 10.1126/scitranslmed.3003552
Tachibana, M., Amato, P., Sparman, M., Gutierrez, N. M., Tippner-Hedges, R., Ma,
H., et al. (2013). Human embryonic stem cells derived by somatic cell nuclear
transfer. Cell 153, 1228–1238. doi: 10.1016/j.cell.2013.05.006
Takahashi, K., Tanabe, K., Ohnuki, M., Narita, M., Ichisaka, T., Tomoda, K., et al.
(2007). Induction of pluripotent stem cells from adult human ﬁbroblasts by
deﬁned factors. Cell 131, 861–872. doi: 10.1016/j.cell.2007.11.019
Thomson, J. A., Itskovitz-Eldor, J., Shapiro, S. S., Waknitz, M. A., Swiergiel, J. J.,
Marshall, V. S., et al. (1998). Embryonic stem cell lines derived from human
blastocysts. Science 282, 1145–1147. doi: 10.1126/science.282.5391.1145
Tubsuwan, A., Abed, S., Deichmann, A., Kardel, M. D., Bartholoma, C., Che-
ung, A., et al. (2013). Parallel assessment of globin lentiviral transfer in induced
pluripotent stem cells and adult hematopoietic stem cells derived from the
same transplanted beta-thalassemia patient. Stem Cells 31, 1785–1794. doi:
10.1002/stem.1436
Velculescu, V. E., Zhang, L., Vogelstein, B., and Kinzler, K. W. (1995). Serial analysis
of gene expression. Science 270, 484–487. doi: 10.1126/science.270.5235.484
Wilson, K. D., Venkatasubrahmanyam, S., Jia, F., Sun, N., Butte, A. J., and Wu, J. C.
(2009). MicroRNA proﬁling of human-induced pluripotent stem cells. Stem Cells
Dev. 18, 749–758. doi: 10.1089/scd.2008.0247
Wu, J. Q., Habegger, L., Noisa, P., Szekely, A., Qiu, C., Hutchison, S., et al. (2010).
Dynamic transcriptomes during neural differentiation of human embryonic stem
cells revealed by short, long, and paired-end sequencing. Proc. Natl. Acad. Sci.
U.S.A. 107, 5254–5259. doi: 10.1073/pnas.0914114107
Xu, N., Papagiannakopoulos, T., Pan, G., Thomson, J. A., and Kosik, K. S. (2009).
MicroRNA-145 regulates OCT4, SOX2, and KLF4 and represses pluripotency in
human embryonic stem cells. Cell 137, 647–658. doi: 10.1016/j.cell.2009.02.038
Zeng, X., Cai, J., Chen, J., Luo, Y., You, Z. B., Fotter, E., et al. (2004). Dopaminergic
differentiation of human embryonic stem cells. Stem Cells 22, 925–940. doi:
10.1634/stemcells.22-6-925
Zhang,A., Zhou, N., Huang, J., Liu, Q., Fukuda, K., Ma, D., et al. (2013). The human
long non-coding RNA-RoR is a p53 repressor in response to DNA damage. Cell
Res. 23, 340–350. doi: 10.1038/cr.2012.164
Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or ﬁnancial relationships that could be construed
as a potential conﬂict of interest.
Received: 19 December 2013; accepted: 24 April 2014; published online: 14 May 2014.
Citation: Lukovic D, Moreno-Manzano V, Klabusay M, Stojkovic M, Bhattacharya SS
and Erceg S (2014) Non-coding RNAs in pluripotency and neural differentiation of
human pluripotent stem cells. Front. Genet. 5:132. doi: 10.3389/fgene.2014.00132
This article was submitted to Systems Biology, a section of the journal Frontiers in
Genetics.
Copyright © 2014 Lukovic, Moreno-Manzano, Klabusay, Stojkovic, Bhattacharya
and Erceg. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in other
forums is permitted, provided the original author(s) or licensor are credited and that
the original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.
Frontiers in Genetics | Systems Biology May 2014 | Volume 5 | Article 132 | 6
